Plant small RNAs (sRNAs) are pivotal regulators of gene expression, which are crucial in maintaining genome integrity and flexibility during development, abiotic and biotic stress responses. Current evidence suggests that sRNAs might be inherent to the sophisticated plant innate immune system battling bacteria. However, the role of sRNAs during antifungal plant defences is less clear. Therefore, this chapter investigates the sRNA-mediated plant antifungal responses against the hemibiotrophic fungi Colletotrichum higginsianum and Colletotrichum graminicola in their respective compatible hosts Arabidopsis thaliana and Zea mays. A phenotypic and metabolomic analysis of A. thaliana sRNA mutants in response to C. higginsianum infection was performed, showing a hormonal and metabolic imbalance during fungal infection in these plants. To find whether fungal-induced sRNA could directly regulate defence genes in an agricultural important plant model, the expression of maize miRNAs in response to C. graminicola leaf and root infections was investigated. The results revealed the tissue-specific local and systemic adaptation of the miRNA transcriptome, where only a few miRNAs were targeting defence pathways. The general picture presented here points towards a role of sRNAs as fine-tuners of genetic and metabolomic defence response layers. This chapter also further discusses the potential of utilizing sRNA-based fungal control strategies.
Introduction
Small RNAs (sRNA) are small noncoding RNA segments of 19-30 nucleotides in length [1] . They mediate gene silencing, a gene regulation mechanism acting on a transcriptional (transcriptional gene silencing (TGS)) and post-transcriptional level (post-transcriptional gene silencing (PTGS)). In general, sRNA molecules originate from the transcription of endogenous microRNA (miRNA genes), other genomic sRNA loci, aberrant RNA produced by transposons as well as invasive viral RNA [2] . Plants carry two main classes of sRNAs grouped according to their size, function and biogenesis, namely microRNAs (miRNA) and short-interfering RNAs (siRNA) [3] . Such sRNAs are generated through various mechanisms; within the miRNA biogenesis pathway, miRNA precursors derived from MIR genes are processed in the nucleus by Dicer-like protein 1 (DCL1) and exportin-like protein (HYL1) into mature miRNA duplexes of 20-22 nucleotides in length. Mature miRNAs are then methylated at the 3′ terminus by HEN1 (small RNA methyltransferase) and exported to the cytoplasm. One strand of the duplex is incorporated into an argonaute protein (AGO) protein to form an RNA-induced-silencing complex (RISC) [4] . The siRNAs, however, originate from long dsRNA that can be derived from transgenes, viruses, transposons and natural senseantisense transcripts. Such long dsRNA is recognized and cleaved by a certain type of DCL proteins; thereby siRNA classes with different sizes are generated. Like miRNAs, siRNAs are loaded into an AGO protein-containing RISC that controls gene expression patterns through the degradation of mRNA or the repression of translation of fully/partly complementary sequences of mRNAs, as well through epigenetic changes via mediation of DNA and histone methylation [5, 6] .
Gene silencing is not only important for the maintenance of genome integrity by silencing transposons or by degrading the viral RNA but also important during host immune responses of both plants and animals [7] [8] [9] . The recognition of pathogens by plants leads to the activation of a multi-layered immune system that comprises the establishment of a complex network of inducible defences including pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) and effector-triggered immunity (ETI) [10, 11] . The entire signalling process involves the regulation of defence gene expression, the release of plant hormones and/or the induction of secondary metabolites [12] . Over the past few years, plant sRNA pathways were recognized as important players during PTI and ETI [13, 14] . In Arabidopsis, bacteria-induced miRNAs were identified to orchestrate components of plant hormone signalling, including auxin, abscisic acid (ABA), jasmonic acid (JA) and salicylic acid (SA) [15, 16] . A canonical example of an miRNA regulating plant defence is miR393. It is up-regulated upon treatment with a bacterial PAMP, and negatively regulates auxin signalling and therefore contributes to SA-mediated PTI responses in Arabidopsis [17] .
Although the important role of sRNAs in plant defence against viruses and bacteria is documented [8, 13] , their function as components of the plants' defence response against fungi is less clear. Advances in genome-wide studies revealed a massive adaptation of host miRNA expression patterns after infection by fungal pathogens such as Fusarium virguliforme [18] , Erysiphe graminis [19] , Verticillium dahliae [20] , Cronartium quercuum [21] , as well as the oomycete Phytophthora sojae [22] . The alterations in sRNA expression profiles upon fungal attack suggest that gene silencing also contributes to antifungal defence; however, up to date there are no putative mechanisms deciphered. Besides orchestrating plant defence, sRNA could also act as direct antifungal molecules, as some plant miRNAs could share complementarity to fungal genes. This possibility has already been demonstrated by engineering transgenic plants expressing dsRNA targeting fungal genes and exhibiting enhanced resistance to different fungi. For instance, this mechanism named host-induced gene silencing (HIGS) was successfully applied for various plant-fungi pathosystems such as silencing of the Blumeria graminis effector Avra10 [23] , or CYP51 genes of F. graminearum [24] .
In this study, we aim to elucidate the role of sRNAs in regulating susceptibility to Colletotrichum spp.; hence we congregated results from two compatible pathosystems: C. higginsianum, which infects plants from the Brassicaceae family such as Arabidopsis thaliana (Figure 1 ) and C. graminicola, which is a devastating pathogen of the industrially important crop Zea mays (Figure 2) . Both ascomycetes use a multistage hemibiotrophic strategy to infect their host and also share close genetic similarities making them tractable models to compare fungal pathogenicity in both dicot and monocot models [25] [26] [27] [28] . In Arabidopsis, C. higginsianum employs first a biotrophic stage limited to a confined array of first invaded cells, from where the fungus develops secondary hyphae to switch to necrotrophic growth into surrounding cells. C. graminicola extends the biotrophic lifespan into many host cells, persisting biotrophic at the margins, whereas the centre of infection becomes necrotrophic. C. graminicola is a major worldwide threat for corn cultures, as it affects all parts of the plants, either as leaf blight or as stalk rot [29] . Depending on specific corn hybrids and culture conditions, C. graminicola can result in up to 40% yield loss where endemic.
During the first step, a selection of sRNA mutants and two fully and intermediate fungal susceptible accessions of A. thaliana was examined in order to dissect possible defence defects caused by mutations in sRNA biogenesis pathways. Thus, we analysed the accumulation of phytohormones that are known to mediate Arabidopsis resistance against C. higginsianum [30] and secondary metabolites that function as direct defences [31] . We show that some Arabidopsis sRNA mutants display an altered susceptibility against C. higginsianum, This chapter provides a multi-omics analysis of sRNA-mediated antifungal plant reactions on a phenotypic, metabolomic as well as transcriptomic point of view. Altogether, our data propose a rather indirect defensive role of sRNAs in calibrating metabolomic and transcriptomic balances during antifungal responses against Colletotrichum spp. Future putative applications of sRNA-based fungal control strategies will be commented.
Materials and methods

Plant material and growth conditions
A. thaliana genotypes (hen1-1, hyl1-2, rdr6-15, Col-0 and Ler-0) were germinated in soil maintained at 21°C day/20°C night, with 9 h of light (120 µE m ) and 60% of relative humidity. Selected A. thaliana accession Ler-0 was described to be susceptible to C. higginsianum infection, 
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while Col-0 showed intermediate resistance [31] . Ler-0 is the wild-type genetic background of hen1-1 mutants; all other mutants have a Col-0 genetic background. One week after germination, seedlings were individually transferred to 33-mL Jiffy pellets and kept in the same conditions until the infections. Z. mays (variety Jubilee, West Coast Seeds, www.westcoastseeds. com) was cultured in a soil-free plant growth system as described by Ref. [32] .
Pathogen and pest cultivation and inoculation
C. higginsianum IMI34 349061-GFP [26] was cultured on potato dextrose agar (PDA) in a growth chamber under permanent light at 25°C. For infections, a fungal spore suspension of 10 6 spores mL −1 was prepared from 2-week-old cultures. Four-to five-week-old A. thaliana plants were drop-inoculated with 5 µL of the spore suspension. The plants were then incubated in darkness for 16 h at 25°C and 100% relative humidity. Post incubation, the growth condition of the plants was changed to long day (16 h/8h day/night cycle at 25°C). Control plants were treated only with sterile water. C. graminicola M1.001 was cultivated on PDA under permanent light at 25°C; infection assays were performed on 12-day-old maize plants as previously described [32] .
Quantification of fungal growth
In planta fungal growth of C. higginsianum was measured every 24 h post infection for 4 days. The infection sites of the green fluorescent protein-expressing fungal strain were illuminated using a Nikon C-SHG1 UV lamp. Images were captured using a Nikon DS-L1 camera and the pictures were further analysed with the help of ImageJ (http://rsbweb.nih.gov/ij/) and Adobe Photoshop CS3 (http://labs.adobe.com). The area of fungal growth was measured in pixels and converted to mm 2 .
Hormone quantification
For hormone analysis, salicylic acid, jasmonic acid and abscisic acid were quantified simultaneously from leaf material using UHPLC-MS/MS as described [32] . Hormone measurements were performed 4 days post C. higginsianum infection. To analyse each Arabidopsis accession, three independent biological replicates per sample were generated, each replicate a pool of five plants.
Metabolomic profiling
For metabolomic analysis, 4-week-old Arabidopsis plants were infected with C. higginsianum. Metabolites were isolated and analysed 4 dpi as described [32] . Six technical replicates for each treatment were analysed, and each replicate consisted of a pool of four plants.
Gene expression analysis
Confirmation of down-regulation of maize genes putatively targeted by miRNAs was conducted as described [32] , using ZmGAPc as normalizing gene. Primer sequences are as follows: ZmATPS_fw: tcgtattaatgctggtgcaaac, ZmATPS_rev: ctctgtggggtggctcat; ZmSAT_fw: ttataaaaaccctgttcttctgctc, ZmSAT_rev: aggacaccttcctcaagaacc; ZmGAPc_fw: gcatcaggaaccctgaggaa, ZmGAPc_rev: catgggtgcatctttgcttg.
Deep sequencing and Northern blotting of maize sRNAs
For sRNA library preparation, six biological replicates were pooled and total RNA was isolated using Trizol (Invitrogen, www.invitrogen.com); 10 µg of total RNA was further processed using an Illumina-Solexa deep-sequencing approach at FASTERIS (http://www. fasteris.com). The expression of selected miRNAs was further analysed using sRNA Northern blotting techniques as described [33] .
Identification and quantification of conserved miRNAs
To identify conserved maize miRNAs, sequences of 4677 mature plant miRNAs were downloaded from miRBase (release 18.0, November 2011). Identical miRNA sequences identified in different species or duplicated loci in a genome were collapsed, resulting in a non-redundant list consisting of 2228 unique miRNAs. Sequences belonging to the same miRNA family were further analysed by multiple alignment using ClustalW (www.clustal.org) and classified in subgroups to distinguish bona fide mature miRNAs from misannotated miRNA* forms or sequences generated from different regions of the same precursor. This non-redundant library was then applied to screen the small RNA libraries. All the small RNA reads in the range of 20-24 nt in size, and which are represented and represented by at least two reads in a library were aligned to the 1772 unique miRNAs derived from miRBase. For the screening, a maximum of three mismatches was allowed and up to 2 nt overhanging nucleotides at the 5' and/or 3' end. Alignments were performed using SeqMap [34] . The output was filtered and reformatted with custom PERL scripts, classifying the identified miRNAs according to miRBase.
Target prediction of maize miRNAs
Putative targets of maize miRNAs were identified using the psRNATarget web server (http:// bioinfo3.noble.org/miRU2/) against Z. mays DFCI Gene index (version 19) and Z. mays PlantGDB genomic project. Default settings were applied.
Statistical analysis
Variances of quantified levels of metabolites and fungal growth for multiple groups were analysed by a one-way analysis of variance (ANOVA); a P-value of <0.05 was considered significant. The Mann-Whitney U-test was used to compare significant differences between two sample groups. All statistical analysis was performed using Sigma Plot 11.0 (http://www. sigmaplot.com).
Results
Arabidopsis sRNA mutants show different levels of susceptibility to C. higginsianum
To test if a functional silencing machinery is required for a proper antifungal-defence response, A. thaliana wild types Ler-0 and Col-0 showing lower and intermediate resistance, respectively, and sRNA pathway mutants were subjected to fungal infection assays to monitor the susceptibility to C. higginsianum. To cover important components of sRNA pathways, the loss of function mutants for the genes encoding HYL1, HEN1and RDR6 was analysed. The sRNA pathway mutants were infected with C. higginsianum-GFP, and the disease progression was compared to the relative wild-type ecotype, for hen1-1 namely Landsberg erecta (Ler-0), for all other mutants Columbia (Col-0). Fungal growth was monitored at 24, 48, 72 and 96 h postinfection (hpi) (Figure 3) . These time points were chosen to cover all known infection stages of C. higginsianum during hemibiotrophic growth on leaves [25, 29] . The infection assays showed an altered susceptibility of mutants (Figure 3) . For hen1-1, a significant higher susceptibility was only detected in late infection stages (96 hpi). Comparison of hyl1-2 with Col-0 yielded statistically significant differences of fungal growth at all time points (Figure 3(b) ). The RNA mutant was found to be more susceptible to C. higginsianum compared to the wild type. By contrast, rdr6-15 was infected by C. higginsianum as efficiently as the wild type (Figure 3(c) ). Altogether, a defective sRNA machinery seems to render plants more susceptible to fungal attack. However, mutations in RDR6-15 did not alter the susceptibility against the C. higginsianum.
Arabidopsis sRNA mutants show an altered hormonal balance after C. higginsianum infection
Hormone signalling is a key process that regulates stress responses. To evaluate the implication of sRNA pathways in hormone-mediated plant defence against C. higginsianum, levels of salicylic acid, jasmonic acid and abscisic acid were quantified by HPLC-MS/MS. All selected mutants and wild-type accessions were analysed 4 days post C. higginsianum infection and hormone levels of both infected and mock were measured. In response to C. higginsianum attack, SA and JA were induced to different levels in all genotypes (Figure 4) . Notably, SA and JA inductions were more pronounced in the mutants hen1-1 and hyl1-2 compared to their respective wild-type (Ler and Col-0) infected plants. For instance, in infected hen1-1 plants, JA levels rose up to 589 ng/100 mg fresh weight, whereas in infected Ler plants, JA only reached 234 ng/100 mg fresh weight. However, rdr6-15 did not appear to have significant differences of SA and JA levels compared to wild-type-infected plants (Figure 4(a)(b) ). On the other hand, ABA levels were found to be induced during fungal infection in hyl1-2 and hen1-1 contrary to rdr6-15 that show no significant changes in ABA quantity upon fungal infection (Figure 4(c) ). These results suggest that the sRNA mutant rdr6-15 is likely not implicated in the regulation of hormone levels during antifungal responses, whereas a functional HEN1 and HYL1 protein seems to be required to mount a full SA, JA and ABA response to fungal attack.
The metabolome of Arabidopsis sRNA mutants in responses to C. higginsianum infection
To compare the changes in the metabolomic profile of sRNA mutants and wild-type plants induced by C. higginsianum infection, an UHPLC-QTOF-based analysis of secondary metabolites was performed. The metabolomic fingerprinting provided a global view on the metabolic perturbations induced by C. higginsianum attack at 4 dpi. Comparison of the metabolome hen1-1 and hyl1-2 mutants by a principal component analysis (PCA) resulted in a clear separation of both control-treated and -infected mutants and their respective wild types (Figure 5(a) and (b) ). The PCA performed for rdr6-15 grouped the mutants and wild type much closer (Figure 5(c) ). The metabolomic fingerprinting allowed identifying groups of putative antifungal metabolites that were normally induced in the wild type, for which in turn the mutants showed an abnormal induction pattern. After PCA analysis, the compounds showing the greatest difference between wild type and mutants were selected for further identification ( Table 1) . Compounds were identified by exact mass, fragmentation spectrum and the retention time of the fragments using the online free databases Metlin, MassBank, Kegg and Aracyc and the in-house database from the chemical analytical service of the University of Neuchatel. The metabolomic analysis revealed a group of glucosinolates, flavonols, phenylpropanoids and the phytoalexine camalexine that were differentially induced in mutants and wild-type plants ( Table 1) . In response to C. higginsianum, hen1-1 mutant showed lower fold induction of some glucosinolates like 7-methylthioheptyl glucosinolate, glucoerucin, glucoiberin, glucoiberverin and glucolesquerellin. Moreover, glucobrassicin was not induced after infection in hen1-1 plants. Kaempferol 3-Orhamnoside-7-O-rhamnoside (kaempferol 3-rha-7-rha) and kaempferol 3-O-rhamnoside-7-Oglucoside (kaempferol 3-rha-7-glu), flavonols which are well-described antifungal compounds (Table 1) . Glucobrassicin, glucoiberin and glucoiberverin levels were higher in hyl1-2 control and infected treatments than in wild type plants. Moreover, the induction of kaempferol 3-rha-7-rha and kaempferol 3-rha-7-glu was higher in Col-0 than hyl1-2 plants. Levels of sinapoyl malate and 1-O-β-D-glucopyranosyl sinapate were also lower in hyl1-2 control and infected plants compared to Col-0. Camalexin was 72.9-fold induced in Col-0 and 69.0-fold induced in hyl1-2. The rdr6-15 mutant exhibited lower fold induction of all glucosinolates, flavonols and phenylpropanoids mentioned in Table 1 compared to Col-0. The fold induction of camalexin was similar in rdr6-15 mutant compared to Col-0 plants. In summary, sRNA mutant hen1-1 exhibited lower levels of pathogen-induced camalexin, whereas the glucosinolates, flavonol and phenylpropanoid compounds were slightly less prominently induced in response to fungal infection in all the mutants compared to their respective wild-type plants.
C. graminicola-infected maize sets up a tissue-specific miRNA profile which is not directly linked to plant defence
Using annotated maize miRNAs (zma), known miRNAs were classified in the different maize sRNA libraries. In order to determine biostress-specific miRNAs and to quantify their expression level in the treated samples, the fold change expression was determined by calculating the relative difference of sequence reads in treated samples compared to the control libraries. Selected miRNAs showing a fold change of >2 are summarized in Table 2 . Comparing biotrophic and necrotrophic fungal infection stages to mock, zma-miR479, zma-miR1318 and zma-miR1432 were found to be up-regulated; however, their fold induction was higher during the necrotrophic stage. Other miRNAs such as zma-miR393, zma-miR1120 and zma-miR2092 showed an altered expression level exclusively during the biotrophic stage. By contrast, the Plant Engineering Fold induction of identified compounds from the metabolome of the sRNA mutants hen1-1, hyl1-2, rdr6-15 and the wild-type Ler and Col-0 upon C. higginsianum infection (4 dpi). Table 1 . Fold induction of metabolites in sRNA mutants and controls upon C. higginsianum infection.
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expression of zma-miR168, zma-miR2916 and zma-miR5205 was altered only during the necrotrophic stage. Notably, zma-miR1432 and zma-miR2092 were also up-regulated in infected roots, suggesting that some miRNAs are regulated organ independently. Notably, infected roots showed also a distinct expression profile with zma-miR166, zma-miR169 and zma-miR395
that were down-regulated, whereas zma-miR909 and zma-miR2863 were up-regulated. A different situation was found in systemic leaves upon leaf infection. Compared to local infected tissues, less miRNAs showed an altered expression. For instance, zma-miR397, zma-miR916
and zma-miR5169 were up-regulated. In systemic leaves upon root infection, zma-miR1877 and zma-miR2592 were down-and up-regulated, respectively. Interestingly, zma-mi395 was down-regulated, and zma-miR479 showed elevated expression levels; zma-miR479 was also found to be up-regulated in local leaf infections, whereas the down-regulation of zma-miR395 was also observed in infected roots. In summary, although some miRNAs were commonly regulated in both locally infected leaves and roots, the miRNA transcriptome was specific for a given infection stage and in addition also organ-specific ( Table 2) . To confirm the deepsequencing results, Northern blots of a selected miRNA were performed. Due to the relatively high expression level and the remarkable difference between control and treated samples, zmamiR395 was selected ( Figure 6 ). . The tRNA and 5S rRNA are shown as a control for equal loading and were stained with ethidium bromide.
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As expected, zma-miR395 showed a reduced expression level upon fungal infections in roots. The signal intensity also corresponded to the sequence reads in the different libraries, with the highest number of reads (93) in control roots. To examine the putative role of zma-miR395 during root infections, the maize genome was analysed for putative target genes. Five known target genes were identified: two genes (dienelactone hydrolase and FMR1-interacting) exhibit two mismatch positions for zma-miR395. The other genes, ATP sulphurylase (APS) on chromosomes 1 and 5, and a sulphate anion transporter, perfectly matched to the zmamiR395 sequence. To confirm the genotype of a reduced expression level of zma-miR395 in infected maize roots, the gene expression of two zma-miR395 putative target genes (ZmSAT and ZmATPS) was analysed (Figure 7 ).
Discussion
It has been documented that plant sRNAs can act as regulators of gene expression during plant-defence responses as reviewed in Ref. [36] . However, the mechanisms of sRNA-mediated immunity remain largely elusive, especially for host-fungi interactions. In rice cultivars that are susceptible to Magnaporthe oryzae, enhanced resistance could be achieved by overexpressing miR160 and miR398 [37] . MicroRNA160 targets auxin-responsive factor 16 (ARF16), and miR398 regulates superoxide dismutase 2 (SOD2), both known defence-related genes. In wheat, B. graminis infection was demonstrated to lead to massive adaptations of the miRNA expression profile, where miRNAs only induced in either resistant or susceptible cultivars where identified [19] . Various sRNA expression studies upon fungal infections point towards a role as fine-tuners in the concert of setting up efficient and targeted antifungal defences, rather than having direct defensive impacts [38] . In this regard, it is not surprising that sRNAs were identified as regulators of basal immunity and R-gene-mediated resistance. In cotton, bioinformatic approaches revealed over 300 NBS-LRR genes potentially controlled by the miR482 family [39] , which cleave NBS-LRR transcripts, resulting in the generation of secondary siRNAs that even enhance the silencing of multiple NBS-LRR genes. V. dahliae infection leads to a down-regulation of miR482, hence to a de-repression of R-genes.
Notably, plant RNAi pathway components were shown in specific cases to be important for mounting proper antifungal-defence responses. RDR6-deficient plants were found to be more susceptible to Verticillium spp. but not to Botrytis cinerea, Alternaria brassicicola or Plectosphaerella cucumerina [40] . Similarly, ago4 mutants were discovered to be more susceptible to B. cinerea and P. cucumerina [41, 42] , possibly due to the over-induction of the SA-defence pathway which leads to diminished JA-defence responses that are important in controlling necrotrophic pathogens.
The present study widens the understanding of the putative role of sRNAs in fine-tuning plant-hormonal pathways during fungal infection. First of all, Arabidopsis sRNA pathway components were demonstrated to be required for antifungal responses against C. higginsianum. HYL1-and HEN1-deficient plants were more susceptible than the wild type. The higher susceptibility was accompanied by a de-regulated hormonal response. The sRNA mutants hen1-1 and hyl1-2 exhibited higher SA-, JA-and ABA-induction levels. The hormonal imbalance might explain the altered susceptibility to C. higginsianum, as enhanced SA is known to be important during biotrophic infections, whereas high JA levels are typical for defence against necrotrophs [43] . On the other hand, mutation of RDR6 did not affect the susceptibility against C. higginsianum suggesting that the tasiRNA (trans-acting siRNA) pathway is not involved in antifungal responses. Recent studies demonstrated that RDR6-deficient plants were more resistant to the hemibiotrophic pathogen Pseudomonas syringae DC3000, presumably by a constitutive activation of the SA-dependent-defence pathway. Hence, it was speculated that RDR6 acts as a negative regulator of PTI and basal defence in Arabidopsis [44] . Notably, the hormonal imbalance discovered in the sRNA mutants could only partially explain the altered susceptibility, as higher JA levels were found in hyl1-2 mutants, which would lead to an enhanced resistance during the necrotrophic stage of C. higginsianum. This suggests that sRNAs act as putative-defence coordinators beyond hormonal pathways. Consequently, the metabolomic analysis uncovered additional layers of sRNA-regulated antifungal responses, namely the proper induction of defence-related secondary metabolites. Especially hen1-1 and hyl1-2 mutants were found to exert a massively altered defence metabolome, and to a lesser extent also the analysed rdr6-15 mutants. sRNAs are known to be directly involved in the regulation of secondary metabolites; overexpression of miR393 for instance was shown to increase levels of glucosinolates and decreases camalexin [45] , which indicates that miR393 is involved in the re-direction of the metabolic flows. Similarly, a possible link between miR163 and the biosynthesis of secondary metabolites was described [46] . Loss or overexpression of miR163 alters the transcription of target genes and the profiles of secondary metabolites after induction by the fungal elicitor alamethicin. On the other hand, rdr6-15 mutants showed a wild-type-like metabolomic profile in both infected and control-treated conditions, despite the levels of some compounds being slightly different in the mutant after infection. The minor differences in the metabolomic profile between rdr6-15 and wild-type plants might be explained by the complex redundancies between the members of these protein families [3, 47] . Notably, some sRNA mutants such as hen1-1 exhibit developmental defects, thus the genetic and metabolomic phenotype observed in response to fungi might be significantly affected by developmental pathways. However, this issue underlies all genetic studies using knock-out mutants with severe phenotypes. Using rigid statistical criteria for compound clustering, it is possible to partially differentiate developmental from antifungal responses, as shown in the PCA analysis of infected and control hen1-1 mutants.
To extend the view on antifungal responses possibly linked to sRNA pathways, the miRNA transcriptome of the agricultural important model crop Z. mays infected with C. graminicola was analysed. During this interaction, maize was found to set-up an organ-specific miRNA profile. In the locally and systemically induced fungal-specific miRNAs, only a few were found to target defence genes. In particular, zma-miR1432, which targets a para-hydroxybenzoate-polyprenyl transferase, was found to be up-regulated during both biotrophic and necrotrophic infection stages in maize leaves and roots. The miRNA target is essential in terpenoid-quinone synthesis. Hence, it could be speculated that its down-regulation could divert the flow of secondary metabolites from terpenoids towards flavonoid biosynthesis. This would be coherent with the fact that terpenoids play only minor roles during C. graminicola infection in maize [48] . The second identified miRNA linked to defence pathways was zma-miR169. This miRNA is down-regulated in response to fungal root infections, and it putatively targets a gene encoding an allene oxide synthase (AOS). AOS is a key enzyme in JA synthesis, thus it can be speculated that zma-miR169 acts as a suppressor of JA signalling under non-stressed conditions, whereas the down-regulation of zma-miR169 during fungal infection could promote JA synthesis. The enhanced JA levels in some Arabidopsis miRNA mutants support this hypothesis. Another yet intriguing altered miRNA was zma-miR395, which was down-regulated in C. graminicola-infected maize roots and systemic leaves upon root infection. The down-regulation of zma-miR395 was accompanied by the up-regulation of two of its putative targets in roots, one of them encoding an ATP sulphurylase. APS plays an important role in sulphate assimilation and glutathione synthesis; inhibiting glutathione synthesis in Arabidopsis was shown to trigger the suppression of miR395 [49] , thus mimicking fungal infection. It can be speculated that the down-regulation of zma-miR395 positively regulates sulphate-mediated defence and/or the glutathione pathway. Intriguingly, miR168 that targets AGO1 was induced upon leaf infection, consistent with recent work demonstrating a similar fold induction of miR168 in Arabidopsis treated with elicitors of F. oxysporum [50] . Thereby, a majority of elicitor-responsive miRNAs were shown to be associated with development and miRNA homeostasis [50] , corroborating the observation that sRNA pathways likely do not regulate direct-defence pathways.
Although some sRNA pathways components were shown here to be required for battling C. higginsianum, they seem to act as fine-tuner of defence schemes rather than to directly regulate defence genes and defensive compounds. A common picture found for sRNA mutants exhibiting higher susceptibility to C. higginsianum was rather a hormonal and metabolomic imbalance. Moreover, the absence of altered miRNAs targeting direct-defence genes in maize suggested an indirect defensive role of sRNAs against Colletotrichum spp.
RNA silencing and plant defence: an outlook
Altogether, the strategic outline of Arabidopsis and maize antifungal defence against Colletotrichum spp. points towards the concept that sRNAs are acting as fine-tuners mediating the balance of multiple genetic and metabolomic-defence layers. The sRNA-orchestrated fine-tuning of defensive layouts may provide a genetic flexibility allowing rapid and efficient adaptation of immune pathways. The question whether sRNA pathways are indispensable and pivotal antifungal-defence regulators remains debatable. Despite various studies showing the altered susceptibility of sRNA mutants, the general trend is that the outcome of sRNAmediated defence strongly depends on a specific pathosystem. This chapter adds further highlights to this picture by showing that no miRNAs targeting classical defence pathways are de-regulated upon C. graminicola infection in maize, and Arabidopsis sRNA mutants under fungal attack appear to have altered metabolomic profile compared to the wild-type situation.
Nevertheless, considering the fact that sRNA pathways are also involved in setting up proper abiotic stress responses, it might represent a multi-valuable biotechnological approach to generate crops that are more efficient and variant in expressing their sRNA repertoire. Over the past years, a transgene-based approach where pathogen-targeting sRNAs are expressed in host species was repeatedly confirmed to efficiently control fungal diseases. This host-induced gene-silencing (HIGS) approach was successfully applied to a broader range of host-pathogen systems, thus bearing a valuable industrial potential. Significant drawbacks with this technology are the restrictive acceptance of genetically modified crops, and the yet elusive question of how fast pathogens evolve tolerance or resistance. For instance, F. graminearum sRNA mutants are showing normal virulence in wheat infection assays [51] . A yet elusive question is the role of plant endogenous sRNAs in targeting the genes of their fungal parasites. B. cinerea has been demonstrated to hijack plant genes using sRNA effectors [52] ; thus it could be possible that plant sRNA effectors are able to infiltrate fungal cells to act as antimicrobial molecules.
Recent studies from two different research groups demonstrate fungal control by exogenous application of sRNAs to F. graminearum [53] and B. cinerea [54] . The so-called spray-induced gene silencing (SIGS) might provide novel biotechnological opportunities to control fungal diseases. Although the data from both studies are promising, it remains elusive how efficient sRNAs are compared to classical biologicals, and how broadly this technology can be applied. For instance, Botrytis is one of the few fungal species known to require a functional sRNA machinery for proper infection, hence possibly representing a special situation in sRNAmediated plant-pathogen interaction. Moreover, exogenous control by sRNAs was efficient in controlling fungal growth on vegetables and fruits, and not demonstrated on leaves [54] , suggesting efficacy only in a very specific infection condition. Altogether, it remains to be elucidated how efficient SIGS could work in field conditions, and in particular also the application spectrum of this technology. So far, this new technology lacks confirmation by additional independent studies to allow fully evaluating its industrial potential.
Prospective investigations will help in further elucidating of the full potential of sRNAmediated antifungal defence. While the data presented here and in recent studies suggest that sRNAs are subtle players in the concert of mounted antifungal defence, and new approaches using exogenously applied sRNAs are promising, there remains challenging basic research to be completed first in order to truly understand sRNA trafficking and signalling in plant-pathogen interactions.
